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Abstract
Patients with tibial pilon fractures have a higher incidence of post-traumatic osteoarthritis than 
those with fractures of the tibial plateau. This may indicate that pilon fractures present a greater 
mechanical insult to the joint than do plateau fractures. We tested the hypothesis that fracture 
energy and articular fracture edge length, two independent indicators of severity, are higher in 
pilon than plateau fractures. We also evaluated if clinical fracture classification systems accurately 
reflect severity. Seventy-five tibial plateau fractures and fifty-two tibial pilon fractures from a 
multi-institutional study were selected to span the spectrum of severity. Fracture severity measures 
were calculated using objective CT-based image analysis methods. The ranges of fracture energies 
measured for tibial plateau and pilon fractures were 3.2 to 33.2 Joules (J) and 3.6 to 32.2 J, 
respectively, and articular fracture edge lengths were 68.0 to 493.0 mm and 56.1 to 288.6 mm, 
respectively. There were no differences in the fracture energies between the two fracture types, but 
plateau fractures had greater articular fracture edge lengths (p<0.001). The clinical fracture 
classifications generally reflected severity, but there was substantial overlap of fracture severity 
measures between different classes.
Clinical Significance—Similar fracture energies with different degrees of articular surface 
involvement suggest a possible explanation for dissimilar rates of post-traumatic osteoarthritis for 
fractures of the tibial plateau compared to the tibial pilon. The substantial overlap of severity 
measures between different fracture classes may well have confounded prior clinical studies 
relying on fracture classification as a surrogate for severity.
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Introduction
Post-traumatic osteoarthritis (PTOA) commonly occurs following a variety of joint injuries. 
Articular fractures of the lower extremity are particularly at risk of PTOA, and they often 
result from similar injury mechanisms. Despite similarities in the injuries, PTOA develops in 
23–44% of tibial plateau fractures before 15 years1,2 but in as many as 74% of tibial pilon 
fractures3. The reasons for this difference are not well understood. It is known that outcomes 
of articular fractures are influenced by the severity of the damage sustained at the time of 
injury and as a result of abnormal loading associated with changes to articular congruity, 
joint alignment, and joint stability after healing4–6.
The primary goals in treating articular fractures are to restore limb alignment and precisely 
reduce any articular displacement to decrease the likelihood of PTOA. The severity of the 
fracture correlates highly with the risk of PTOA, so treating surgeons have adopted fracture 
severity assessment methods to aid in their treatment decision-making. However, 
conventional systems for classifying fractures and their severity are highly subjective, have 
poor reliability, and cannot reliably predict risk of PTOA7–13.
The damage sustained at the time of injury can be objectively assessed though physical 
manifestations of the fracture severity: the amount of energy involved in fracturing a bone 
(i.e., the fracture energy) and the amount of articular surface involvement. It has been 
demonstrated in fractures of the tibial pilon that these fracture severity metrics significantly 
correlate with PTOA incidence14–16. This provides a possible explanation for differences 
found in the rates of PTOA development in tibial pilon and plateau fractures; that is, greater 
energy is absorbed or articular surface involved in creating tibial pilon fractures compared to 
plateau fractures.
In this study, an objective CT-based methodology for measuring fracture energy and articular 
surface involvement was used to explore the hypothesis that fracture severity metrics are 
higher in pilon fractures compared to plateau fractures. In addition we assessed the 
relationship between the fracture severity measures and traditional categorical fracture 
classification systems to determine how well the classifications reflected severity.
Methods
Fellowship-trained orthopaedic trauma surgeons enrolled seventy-five patients with tibial 
plateau fractures spanning an entire spectrum of severity in this multi-institutional Level III 
diagnostic study. These were compared with fifty-two patients having sustained tibial pilon 
fractures, enrolled in a similar manner. An Institutional Review Board approved use of the 
patient data, collected during standard-of-care clinical treatment.
Fracture severities were calculated using a previously validated, objective, CT-based image 
analysis methodology15,17. This technique quantifies fracture energy based upon 
measurement of the fracture-liberated surface area, accounting for variations in bone density 
over the interfragmentary surfaces (Figure 1). Software, custom-written in MATLAB 
(MathWorks, Inc.; Natick, MA), was used to identify all fracture fragments working from 
CT scan data. The surfaces of the fragments were then classified as intact cortical, 
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subchondral, or de novo interfragmentary based upon their CT intensities and local 
geometric character (surface roughness, curvatures, etc.). The surface classifications were 
then manually evaluated and modified as needed by an expert analyst (Figure 1). The 
interfragmentary surface areas of all of the fracture fragments were then summed to provide 
a measure of the fracture-liberated surface area. Bone densities were estimated from the CT 
Hounsfield intensities at each CT scan pixel using previously established relationships18,19. 
The location-specific bone density was then used to appropriately scale fracture-liberated 
surface areas by density-dependent energy release rates to obtain the fracture energy15–17. 
An additional measure reflecting the amount of articular surface involvement was derived by 
quantifying the articular fracture edge length, defined as the length of the edge at the 
intersection between interfragmentary and subchondral bone surfaces.
Fracture energies and articular fracture edge lengths were obtained for all pilon and plateau 
fractures enrolled in the study. A t-test statistic was used to test the hypothesis that the 
fracture severity characteristics differed between the two fracture locations. In order to gain 
further insight regarding any differences in the two fracture types, cases of similar fracture 
energies were qualitatively evaluated for energies at the low end, at an intermediate value, 
and at the high end of the fractures studied.
The fractures were also characterized using two different fracture classification systems, 
based upon consensus evaluation by three fellowship-trained orthopaedic traumatologists 
(LBK, TOM, JLM). The Schatzker classification system was developed as a method for 
identifying groups of tibial plateau fractures with distinct pathomechanical and etiological 
factors. 20 This system has well-established clinical utility in guiding treatments and 
predicting outcomes. 21 The AO/OTA classification system, on the other hand, seeks to 
categorize fractures based upon their morphological characteristics in order of increasing 
complexity and severity, where severity “implies anticipated difficulties of treatment, the 
likely complications, and the prognosis.” 22–24 Where the Schatzker classification seeks to 
categorize intra-articular fractures of the tibial plateau alone, the AO/OTA classification 
system is applicable to a broader set of fractures. The fracture energies computed for 
fractures in different Schatzker and AO/OTA classes were compared to test how well the 
classification systems reflected severity.
Results
The range of fracture energies measured for tibial plateau fractures was 3.2 to 33.2 Joules 
(J). The range of fracture energies for pilon fractures was 3.6 to 32.2 J (Figure 2a). The 
fracture energies (mean±standard deviation) of the plateau fractures were 13.3±6.8 J, and 
they were 14.9±7.1 J for the pilon fractures. The distribution of energies for each fracture 
type was similar. Although these types of fractures are highly idiosyncratic, the smallest 
fragments in the plateau fractures tended to be smaller than those in the pilon fractures.
The range of articular fracture edge lengths measured for tibial plateau fractures was 68.0 to 
493.0 mm. The range of articular fracture edge lengths for pilon fractures was 56.1 to 288.6 
mm (Figure 2b). The articular fracture edge lengths (mean±standard deviation) of the 
plateau fractures were 231.4±94.7 mm, and they were 138.1±54.9 mm for the pilon 
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fractures. Fractures of the tibial plateau had greater articular fracture edge lengths than those 
of the pilon (p<0.001).
Qualitative comparisons of tibial plateau and pilon fractures with low, intermediate, and high 
fracture energies showed similarities in the number and size of the fragments in each range 
and supported the observations regarding the amount of articular surface involvement 
(Figure 3). The lower energy fractures were selected at 3.2 and 3.6 J for the plateau and 
pilon, respectively. The lower energy pilon fracture had two fragments, while the lower 
energy plateau fracture had three. The largest two fragments on each were similar in size 
between the plateau and pilon, while the third fragment seen on the plateau was much 
smaller. The intermediate energy fractures were selected at 14.2 and 14.9 J for the plateau 
and pilon, respectively. Again, similar quantities and sizes of fragments were found for the 
two different anatomical sites. Finally, the higher energy fractures were selected at 27.3 and 
24.6 J for the plateau and pilon, respectively. These higher energy fractures had numerous 
smaller fragments and involved substantial diaphyseal extension.
Fracture classifications for the plateau injuries ranged from Schatzker I to VI (Table 1). The 
plateau fractures ranged in AO/OTA class from 41-B1 to 41-C3 and the pilon fractures 
ranged from 43-B1 to 43-C3 (Table 2). The average fracture energies and articular fracture 
edge lengths for the most part increased with increasing Schatzker (Figure 4) and AO/OTA 
classification (Figure 5), indicating general agreement between the fracture classes and the 
severity metrics associated with such fractures. However, the severity metrics varied, in 
some instances considerably, within individual classes. In addition to the overall fracture 
energies of pilons and plateaus being similar, the ranges and medians of fracture energies for 
AO/OTA B3 and C3 fractures of pilons and plateaus were also quite similar. The same was 
not true of articular fracture edge lengths, with the ranges and medians of pilons being 
substantially smaller than those of plateaus. Finally, the higher fracture classes consistently 
demonstrated a wider range of fracture severity metric values than was observed for less 
complex fracture patterns, although there were relatively fewer fractures seen in the less 
complex categories.
Discussion
There were no differences in the fracture energies between the pilon and plateau fracture 
types, but there were differences in the articular fracture edge lengths. Similar injury 
mechanisms typically lead to these two fractures, and previous studies show a substantially 
lower incidence of PTOA resulting from tibial plateau fractures compared to pilon fractures. 
PTOA represents an organ-level injury response that is complex and likely joint-specific. 
Impact tolerance of the proximal tibia may be explained by differences in joint morphology/
anatomy, cartilage thickness, the subchondral bone, inflammatory response after injury, 
mechanics of joint load distribution, or a variety of other factors.
Differences in size and joint morphology between the tibial plateau and pilon provide 
possible explanations for differences in PTOA risk. This is consistent with the greater 
amount of articular surface involvement and comminution seen in the tibial plateau 
fractures, although greater surface involvement would generally be expected to increase 
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PTOA risk. Another anatomical confounder could stem from the large difference in the size 
of the articular surfaces between the two joints. The tibial plateau has a significantly larger 
articulating surface (~1200 mm2) than the tibial pilon (~600 mm2) 26,27. The tibio-talar joint 
could therefore experience a higher energy per unit area transmitted upon fracturing than the 
tibio-femoral joint. The higher energy per unit area could result in a larger degree of acute 
chondrocyte damage or death in the pilon when compared to the plateau. This presents an 
area for future development of the fracture severity measure to include bone or fracture-
specific characteristics.
Substantial differences in soft tissue structures could also contribute in multiple ways. The 
tibial plateau has a dense, load bearing, fibrocartilaginous meniscus and other substantial 
soft tissues. It is reasonable to assume that in contrast with the robust bony load bearing in 
the ankle, the soft tissue support in the knee may aid in preventing post-fracture 
deterioration, despite similar energies involved in the injuries. Further confounding this 
possibility is variable/occult comorbidity to these soft tissues associated with fractures of the 
tibial plateau. Previous studies have demonstrated approximately double the incidence of 
PTOA of the knee in plateau fractures with meniscectomies compared to those where the 
meniscus was reconstructed (74% vs 37%)25. In the context of surgical fracture reduction, 
the integrity of the soft tissues around the joint is seldom a focus of attention.Finally, the 
appeal of using fracture energy to assess severity in this context is that it is an indirect 
indicator of injury to the articular cartilage, as well as the bone. Ideally, a measure of 
fracture severity reflects the amount and the distribution of energy transmitted across the 
articular surface. The larger the quantity of energy, the more initial cartilage damage and 
subsequent degeneration would be predicted. Other joint-specific factors influential in this 
respect include the cartilage thickness and the rigidity of the subchondral and underlying 
metaphyseal bone. The cartilage of the tibial plateau is significantly thicker (~3 mm) than 
for the tibial pilon (~1.5 mm). The intra-tissue strains at the time of injury would therefore 
be expected to be more severe in the thinner cartilage of the pilon compared to the plateau.
The larger range of fracture energies seen in higher classes of the fracture classifications 
(C3, Schatzker V and VI) may reflect the fact that more complex and variable injuries make 
up these classes. However, the higher class fracture patterns were not necessarily more 
severe (i.e., did not always have higher fracture energies). This suggests that fracture 
classifications are less reflective of severity for the more complex fracture patterns. A 
surprisingly wide range of fracture energy was seen for the fracture classifications that we 
assessed, suggesting that these classifications are not a reliable surrogate for fracture 
severity. Combining fracture classification, which categorizes the morphologic 
characteristics of the fracture, with objective measurement of fracture energy would provide 
a more complete assessment of articular fractures.
Historically, studies comparing different groups of fractures have used AO/OTA fracture 
classification to show that the groups had similar fracture characteristics and severity. 
Perhaps the most useful conclusion from these data is that prior studies failing to 
demonstrate group equivalence simply by showing no statistical difference in fracture 
classification type are missing critical information about underlying differences in fracture 
severity. Assigning "high energy" and "low energy" based on injury mechanism and fracture 
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pattern is largely subjective and fails to sufficiently stratify severity. The data presented in 
this study provide strong evidence of the utility that fracture energy has in the context of 
clinical research.
This study is not without limitations. The accuracy of the fracture energy calculations may 
suffer either when small bone fragments are missed in segmentation from CT or when there 
is substantial compaction of bone. The volumes of the smallest fragments segmented were 
on the order of 10 to 20 mm3. We cannot rule out inaccuracies associated with missing 
smaller fragments but would not expect for those to contribute appreciably to fracture energy 
absorption. Bone compaction was not assessed in our measurements but again, given the 
relatively low density of cancellous bone subject to compaction, it is unlikely that this would 
introduce substantial inaccuracy. Another limitation is that soft tissue status was not 
available for inclusion in the assessments of fracture severity. Ultimately, a more robust 
predictive algorithm may involve not only calculation of fracture energy but also some 
measure of soft tissue status. A present lack of follow-up data prevented the evaluation of 
the relationships between fracture severity and outcomes in the plateau and pilon fractures. 
Establishing these relationships is the objective of ongoing study in these patients, who are 
all being followed prospectively.
PTOA is a complex disease with many contributing factors. The findings in this study 
disprove our hypothesis that tibial pilon fractures have a higher energy absorbed than plateau 
fractures across the spectrum of injury, but they raise new questions about differences in the 
amount of articular surface involvement. Our results show similar energy absorption profiles 
with greater articular involvement in the tibial plateau, suggesting that it may be more 
tolerant of impact injury compared to the distal tibia. This possibility will need to be tested 
further as longer term outcome data become available for the specific patients analyzed in 
this study.
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Figure 1. 
Custom-written software was used to measure surface area of pre-injury cortical and 
subchondral bone surfaces and post-injury exposed interfragmentary bone surfaces. The 
fracture-liberated surface area and the bone densities across that surface were used to 
calculate fracture energy. The length of the edge between the subchondral and 
interfragmentary bone surfaces (the articular fracture edge length - highlighted with dashed 
black lines) was used to quantify articular surface involvement.
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Figure 2. 
Tibial plateau and pilon fracture energy and articular fracture edge length values distributed 
over a full spectrum of injury severity.
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Figure 3. 
Fracture energy comparison between tibial pilon (left) and plateau (right) injuries. Different 
colors are assigned to individual fragments in these graphical representations. Articular 
fracture edge length values are shown for reference, in parentheses.
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Figure 4. 
Range of fracture energies and articular fracture edge lengths as they vary over the Schatzker 
classes of tibial plateau fractures.
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Figure 5. 
Range of fracture energies and articular fracture edge lengths as they vary over the different 
AO/OTA classes for the tibial plateau and pilon fractures.
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Table 1
Distribution of tibial plateau fractures, fracture energies, and articular fracture edge lengths by Schatzker 
fracture classification. Values are mean (standard deviation).
Schatzker class Number of cases % of total Fracture energy (J) Articular fracture edge length (mm)
I 3 4% 9.3 (6.9) 134.6 (40.7)
II 27 36% 8.8 (4.2) 227.7 (83.0)
III 0 0% –– ––
IV 16 21% 11.9 (4.8) 225.3 (92.3)
V 5 7% 13.7 (3.0) 247.8 (129.9)
VI 24 32% 19.8 (6.1) 253.6 (110.8)
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